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1. INTRODUCTION

This work was a three-year Phase E effort focused on coronal mass ejection (CME) and space
weather research as applied to the STEREO mission program. This work included:

e Developing programs and tcchniques for the reduction and analyses of the data returned
from the STEREO SECCHI instruments regarding the origin of CMEs, their transport
through the heliosphere, and interaction with Earth’s environment. The SECCHI data
being returned provide stereo views of the Sun, the corona and CMEs, and yield
fundamentally new insights into the 3-dimensional structure of the Sun’s corona and
CMEs. Our work involved the development of new and innovative approaches to
performing the data analysis, including comparisons with other STEREO instruments,
and other data sets where appropriate;

e Analysis of the stereo imaging data from the SECCHI Heliospheric Imager (HI)
instrument. The analysis techniques for the HI data required comparisons with other
STEREOQ instruments, data from the Solar Mass Ejection Imager (SMEI), and other
appropriate data sets. The combination of the limited-field HI and all-sky SMEI
observations form a unique data set requiring innovative approaches to its analysis. This
work has led to fundamentally new insights into CMEs;

e Coordinating and developing space weather-related research and forecasting tools for
SECCHI and STEREO, including near-realtime monitoring and analyses of the imaging
data returned from the SECCHI experiments, primarily using Beacon data.

The grant for this work was awarded following our proposal submitted in March 2009 in
response to the NRL Broad Agency Announcement No. 76-07-01 “Research Into Space — Its
Imaging and Modeling”. This work was performed over the original three-year period and was
extended at no additional cost to 14 October 2013. This grant was the successor to the previous
NRL grant no. N00173-07-1-G016, titled “Analysis of Data on CMEs and Space Weather
Support for the SECCHI Experiments on the STEREO Mission”, with a period of performance
from 30 May 2007 - 31 December 2009 (Webb, D. F., Final Report, 1 March 2010). It included
eight modifications for transmittal of the funding to Boston College. Some highlights of this
work are summarized below in Section 2. Meetings, publications and presentations fully or
partially supported by this grant are listed in Section 3.



2. RESULTS

During the eight years prior to this grant, the P.I. was involved with the STEREO SECCHI
consortium as the designated coordinator of space weather modeling for the SECCHI team and
as a member of the working group of the HI team. He was and continues to be co-coordinator
with Doug Biesecker of NOAA SWPC of the STEREO Space Weather Group, and has
developed and maintains a mailing list and a website on STEREO Space Weather at
http://secchi.nrl.navy.mil/spwx/. During this entire period through the period of performance of
this grant, Webb has participated in most of the SECCHI Consortium and STEREO SWG
meetings. He has participated in discussions on halo CMEs and space weather, development of
the HI observing program, and coordination of space weather activities between the SECCHI
experiments and the other STEREO instruments.

NASA’s STEREO mission spacecraft were launched on October 25, 2006 and inserted into
heliocentric ~1 AU orbits; the spacecraft drift apart at 22.5° per year. The CME rate was low
during the extended solar minimum but has increased during the rise to maximum of cycle 24.
The PI has investigated the CME vs. sunspot number (SSN) rates during this period (Figure 1).
Cycle 23 lasted ~13 years with an unusually long decline with its minimum in late 2008. With
the STEREO data and the automatic catalogs, we now have six independent (white light) CME
rates from 2007 to the present. Despite differences in amplitude, the CME rate has continued to
track the SSN through its minimum over the last several cycles. The linear relationship between
CME rate and SSNs was first shown by Webb and Howard (JGR, 1994) and recently confirmed
for Cycle 23 by Robbrecht et al. (JGR, 2009). However, since 2011 the CME rate appears to be
diverging from the SSN, possibly related to the weakness of the cycle 23-24 polar fields. The PI
is continuing to investigate these differences.

During the period of this grant Webb has been involved in the data analysis for the joint
complementary science that is possible with SMEI and STEREO observations since the
STEREO launch. During the 8.5 years from the start of routine observations in February 2003
until its decommissioning in September 2011, SMEI observed ~400 ICMEs in the inner
heliosphere. Webb has been at the forefront of their analyses (see references). SMEI provides
global context observations for the SECCHI HIs as well as a “third eye” view from Earth orbit.
This combination of the limited-field HI and all-sky SMEI observations forms a unique data set
for viewing dense structures in the inner heliosphere. Many of the papers and presentations listed
in Section III involve results that used the HI and SMEI data to help develop a new
understanding of the structure of CMEs and how they propagate in the heliosphere (e.g.,
Johnston et al., 2009; Jackson et al., 2010; Liu et al., 2012; Harrison et al., 2012; Odstrcil et al.,
2012; Moestl et al., 2012; Howard et al., 2013; Webb et al., 2014).
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Figure 1. Comparison of CME and SSN rates from 2006 to the present. Manual and automatic CME rates are from
the LASCO and STEREO coronagraphs, providing 6 independent measurements of CME rate. Note that the average
time of the minimum for both CMEs and SSN was in late 2008. The average CME rate = 0.35/day. The predicted
SSN maximum for cycle 24 is ~90 in 2013. The actual SSN is tracking below the predicted curve. From Webb
presentation at LWS Workshop, March 2013.

During this period the PI’s work involved research and development of techniques for the
reduction and analyses of the data returned from the SECCHI instruments to maximize the
scientific return of the STEREO mission. This effort was focused on understanding the origins of
CMEs, their transport through the solar wind, their in-situ signatures at the STEREO and L1
locations, and their interaction with Earth’s environment. Specifically, the P.1.:

He investigated the solar origins of CMEs and related geoeffective phenomena, using
data including halo CMEs, whose source regions can be well observed on the solar disk,
observed by LASCO, SECCHI and SMEI, with supporting observations from SOHO
EIT, TRACE, Hinode XRT, and ground-based MLSO K-coronameter data (e.g., Webb et
al., 2010; 2011). Comparison of the data sets on CMEs was made with observations of
filament eruptions, coronal arcades and dimmings and flares and the interplanetary
signatures of these disturbances.

(b) The magnetic topology of CMEs was studied to better understand the magnetic
disconnection/flux rope formation process. Webb developed a catalog of SOHO LASCO
ray-type structures following CMEs and was involved in several analyses of these data
including a comparison with SOHO UVCS observations of current sheets (e.g., Murphy
etal., 2011; Ciaravella et al., 2012; Ling et al., 2014).

(c) He examined the nature of the interplanetary structures related to CMEs with other



unusual interplanetary transient flows such as magnetic clouds, bidirectional particle
events, He enhancements, and shocks. These studies utilized intercomparisions among
LASCO and SMEI halo CMEs and ACE, Wind and other spacecraft near Earth, and with
CMEs launched towards one or both of the STEREO spacecraft that engulf the IMPACT
and PLASTIC in-situ experiments (e.g., Liu et al., 2012; Harrison et al., 2012; Odstrcil et
al., 2012; Moestl et al., 2012; Howard et al., 2013; Webb et al., 2014);

¢ (d) He continued the studies with SMEI data to image and track CMEs and determine
their characteristics in near-Earth space. As demonstrated, e.g., by Webb et al. (2009;
2012; 2014) and Howard et al., 2013), SMEI results are directly applicable to analyses of
the STEREO observations, especially the HI images, for estimating the geometry,
density/mass and kinematics of CMEs.

The P.I. contributed to the analyses of the observations from the HI instruments on each
spacecraft. He utilized the experience of the SMEI team in analyzing SMEI data to contribute to
data analysis of the HI observations, both for Hl-only observations and joint observations with
the SECCHI EUVI and coronagraph instruments. He contributed to analysis of the data acquired
from joint observing programs with these instruments and the other STEREO in-situ
experiments, and between the HIs and SMEI and with Hinode and the Solar Dynamics
Observatory after its launch in 2010 (see above references).

The P.I. continued his work on coordination and development of space weather-related research
and forecasting tools using the STEREO data. He helped develop the near-real time monitoring
capabilities of the Beacon mode of the STEREO mission, including helping to coordinate efforts
with the NOAA SWPC, the AFRL SWCOE, the Air Force Weather Agency and the Navy for the
use of the Beacon and other STEREO data for space weather forecasting purposes for the DoD.
He continued to maintain the STEREO Space Weather website and mailing lists, and a catalog of
about 20 well-observed Sun-to-STEREO events.

These Sun-to-STEREO events provide important information on the geometry, propagation and
internal structure of CMEs. For example, we know that most of these CMEs also had magnetic
cloud signatures at 1 AU. These Sun-to-STEREO/L1 data sets were used for forecasting space
weather events. During 2010-2011, the STEREO Group members made near-real time event
predictions utilizing the Beacon data for three events: 8-12 April 2010 (Davis et al., 2011), the
30 July—4 August 2010 series of multiple events e.g., Harrison et al. (2012), and the 15-18
February 2011 X-class flare-CME (Webb 2013). The Group predictions for these three sets of
events were based on several models and techniques. We intercompared the results of the near-
real time runs of these techniques to forecast the time of Earth arrival of each CME. Both the
time that the prediction was issued and the predicted time of arrival were recorded for each run.
Figure 2 is a plot of prediction accuracy vs. the time the prediction was made for the 15 Feb.
2011 event (Webb 2013). Predictions using primarily coronagraph data (LASCO or STEREO
CORs) are in blue and those including HI data (SMEI or STEREO HIs) are in red.
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Figure 2. Example of space weather forecasting for the 15 February 2011 halo CME. Plot of prediction accuracy vs
the time of prediction for the range of model runs. Prediction accuracy is defined as the [actual arrival time —
predicted arrival time] where the actual AT is defined as the shock time at ACE (L1): 18 February, 00:42 UT, the
first green triangle on the plot. Model predictions using coronagraph observations are in blue and those using
heliospheric imager data are in red. Points lying above the horizontal 0—hour line are positive and therefore “late”
and those lying below the line are negative or “early”. The best predictions should be near the 0-line and near the
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3. MEETINGS, PUBLICATIONS AND PRESENTATIONS
3.1. Meetings

The PI’s preparation for and/or participation in the following STEREO Science Working Group,
SECCHI Consortium and general scientific meetings was fully or partly funded under this grant:

The PI attended 3 of the last 4 STEREO Science Working Group (SWG) meetings, and reported
on the Space Weather Group and on scientific results:

e  SWG #20, October 27-29, 2009, Inns and Spas at Mill Falls, Meredith, New Hampshire
o SWG #22: 14 April 2011, by telecon

The PI attended the final SECCHI consortium meeting, and SWG #21, with topics pertinent to
space weather or with separate space weather sessions, held 24-26 March 2010 in Dublin,
Ireland.

The PI attended these general scientific meetings and presented results pertinent to this grant.
The presentations are listed in Section 3.3 below.

WHI-2 Meeting, 9-13 November 2009, Boulder, CO

Fall AGU Meeting, 14—18 Dec. 2009, San Francisco

SORCE Science Meeting, Keystone, CO, 19-21 May 2010

AGU Meeting of the Americas, Foz do Iguassu, Brazil, 8-12 August 2010

Fall AGU Meeting, 13—17 Dec. 2010, San Francisco

LWS-SDO Workshop, The Many Spectra of Solar Activity, Squaw Valley, CA, 1-5 May
2011

IUGG 2011 General Assembly, Melbourne, Australia, 3-7 July 2011

¢ Fall AGU Meeting, 5-9 Dec. 2011, San Francisco

e TAU XXVIII General Assembly, 20-31 August 2012, JD03 and SpS10 meetings, Beijing,
China

e In-Situ Heliospheric Science Symposium, JHU-APL, 18-20 Sept. 2012

e New England Space Science Consortium meeting, UNH, NH, 24 Oct. 2012

e International Symposium on Solar-Terrestrial Physics, November 6 - 9, 2012 at Indian
Institute of Science, Education and Research, Pune, India

e Fall AGU Meeting, 3-7 Dec. 2012, San Francisco

e LWS Solar Dynamics Observatory 2013 Science Workshop, March 3-8, 2013, Hyatt
Regency Chesapeake Bay, Cambridge, MD

e SHINE 2013, 24-28 June 2013, Buford, GA
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